Purpose Sediment microbial fuel cells (S-MFCs) are bioelectrochemical devices that are able to oxidize organic matter directly into harvestable electrical power. The flux of organic matter into the sediment is rather low; therefore, other researchers have introduced plants for a continuous supply of organic matter to the anode electrode. Until now only interconnected materials have been considered as anode materials in S-MFCs. Here, granular carbon materials were investigated for their suitability as an anode material in S-MFCs. Materials and methods Laboratory microcosms with eight different electrode materials (granules, felts and cloths) were examined with controlled organic matter addition under brackish conditions. Current density, organic matter removal and microbial community composition were monitored using 16S rRNA gene PCR followed by denaturing gradient gel electrophoresis (DGGE). The main parameters investigated were the influence of the amount of electrode material applied to the sediment, the size of the granular material and the electrode configuration. Results and discussion Felt material had an overall superior performance in terms of current density per amount of applied electrode material; felt and granular anode obtained similar current densities (approx. 50-60 mA m −2 ), but felt materials required 29 % less material to be applied. Yet, when growing plants, granular carbon is more suited because it is considered to restore, upon disturbance, the electrical connectivity within the anode compartment. Small granules (0.25-0.5 mm) gave the highest current density compared to larger granules (1-5 mm) of the same material. Granules with a rough surface had a better performance compared to smooth granules of the same size. The different granular materials lead to a selection of distinct microbial communities for each material, as shown by DGGE. Conclusions Granular carbon is suitable as an anode material for S-MFCs. This opens the possibility for application of S-MFCs in cultivated areas. In a wider context, the application of granular carbon electrodes can also be an option for in situ bioremediation of contaminated soils.
Introduction
Microorganisms are able to reduce solid materials (mostly metal-(hydr)oxides) while oxidizing organic carbon in the soil. This phenomenon of microbial respiration has successfully been applied to construct microbial fuel cells (MFC) (Logan et al. 2006 ). These devices consist of an anaerobic compartment where microbes are able to oxidize organic matter while delivering electrons to a solid electrode. These electrons are passed through an external circuit and end up in the cathode compartment in a final reduction reaction. The compartments are physically separated by means of an ion exchange membrane to ensure electro-neutrality and prevent the crossover of reactants. These reactor configurations enable direct electrical power recovery from a wide range of liquid streams, e.g. wastewater . Power densities obtained in these types of reactor systems reach values of 10-100 Wm −3 . Current densities range from as low as 4 mA m −2 to 2 Am −2 (Pant et al. 2010) . The MFC has been successfully applied to waterlogged sediment systems. Here, the anode is placed in the anaerobic sediment layer, and the (biological) oxygen reducing cathode is floating in the water above. The membrane is not installed, but its function is maintained by the sediment layer on top of the anode. This easy-tomaintain system has been developed in marine settings (e.g. Reimers et al. 2001 ), but later freshwater systems were also tested (e.g. Holmes et al. 2004; Mohan et al. 2009 ). The sediment MFC (S-MFC) is the first MFC design that has been reported with a useful application, mainly powering different types of remote sensors (meteorological buoy etc.; Tender et al. 2008) . Typical peak power outputs obtained with unmodified anodes are 0.2-55 mW m −2 (Scott et al. 2008 ) whereas current densities can amount to 100 mA m −2 before mass transport becomes limiting (Scott et al. 2008) . Note that waterlogged soils are also applicable for anode placement. Here, the word 'sediment' will be used to indicate both material types. Applications were gradually expanded from marine environments into brackish and freshwater environments; however, the flux of organic matter towards the anode still remains rather low. A major portion (20-60 %) of the net fixed organic carbon during photosynthesis can be deposited in the soil as rhizodeposits (i.e. dead root biomass, active secretions or diffusive leakage) (Neumann and Römheld 2007) . Therefore, a planted sediment microbial fuel cell (P-MFC) has the potential to provide long-term sustained power output due the continuous photosynthetic activity of the plant. Indeed, several research groups found that planting sediment fuel cells resulted in more power and current output. Rice plants (Oryza sativa) were used in sediment type fuel cells (De Schamphelaire et al. 2008; Kaku et al. 2008) while reed mannagras (Glyceria maxima) and common cordgrass (Spartina anglica) were used in a reactortype system containing a membrane and a separate cathode (Strik et al. 2008; Timmers et al. 2010 ). Comparing planted with non-planted S-MFC, De Schamphelaire et al. (2008) found a seven-to-ninefold increase in power density and a threefold increase in current density of the planted systems vs the non-planted systems amounting to 33 mW m −2 sustained power production (De Schamphelaire et al. 2008) . Until now, the P-MFC has mostly been explored in reactor type settings with the anode compartment completely filled with electrode material, either cloth or granular carbon (e.g. De Schamphelaire et al. 2008; Strik et al. 2008; Helder et al. 2010 ). S-MFCs have only been researched with solid connected materials such as carbon or stainless steel felts, cloths, rods etc. (e.g. Reimers et al. 2001; Dumas et al. 2008; Scott et al. 2008; Tender et al. 2008; Jian-hai et al. 2009 ). In order to make a P-MFC widely available, for instance in greenhouses or (cultivated) wetlands, there is a need for granular material that can readily interact with the roots but is not irreversibly damaged when agricultural practices are applied. One should be able to plant or harvest in such matrices. Granular materials are easily mixed with sediments and are able to create new connections after disturbance of the packed bed. Felt or cloth materials can be easily damaged but are not readily reconnected. Solid materials are not easily damaged but do not provide a large surface area for interaction with the plant and the electro-active microorganisms and may also hamper agricultural practices. In this study, a range of carbon materials were tested in microcosms to investigate the suitability of the use of granular materials as an anode material for P-and S-MFC. Parameters such as the amount of electrode material, the electrode configuration (loose or interconnected) and the granule size have been taken into account.
Materials and methods

Experimental setup
Glass jars with a volume of 350 ml were used for these studies (Fig. 1) . Various anode materials were mixed with a layer of sand (Table 1) . Materials were used as supplied, except for M1a which was washed with tap water to remove the dust. Cloth and felt materials had a projected area of 4× Fig. 1 Schematic of the sediment microcosms used for the testing of various anode materials. 1 Graphite rod connected to graphite felt acting as cathode. 2 Graphite rod current collector connecting the anode materials under study to the 500-Ω resistor. Electrical connection: ············ 4 cm 2 , and one layer, interwoven with a graphite rod (5-mm diameter; Morgan, Belgium) as a current collector, was placed in the anode compartment. Granular material was mixed in a 1:1 volume ratio with sand (70.5 wt%00.25-0.5-mm diameter, pH09.9 in 1:10 dilution). A graphite rod was introduced in the middle of the sand/granule layer, at the same position as the cloth materials. In this paper, the AR-value refers to the percentage of volume of the anode compartment which is occupied by the electrode material, e.g. a ratio of 1:1 corresponds to AR-50. To accommodate different percentages of felt material, more layers were added to the current collector. The same volume of sand was placed on top of the anode, which can be considered a membrane, followed by an equivalent volume of liquid. M9 medium modified with 13 gl −1 NaCl and 14.7 mg l −1 CaCl 2 was used in all tests (Rabaey et al. 2005) ; therefore, the microcosms can be considered brackish at pH 8, ensuring a good conductivity and no pH inhibition of the anode (Logan et al. 2006) . In this work, no plants were used, because varying rhizodeposition patterns and plant/microbe interactions might obscure outcomes directly related the materials under study. Instead, organic carbon was provided as 20 mM of COD (chemical oxygen demand), in the form of sodium acetate, in the liquid of the anode compartment at the start of the experiment. This corresponds to about 2.5 ton dry matter ha −1 on the assumption that 70 % of organic dry matter is COD. For the long-term test, 100 mM COD (12.5 ton dry matter ha −1 ) was added (1:1 mix of sodium acetate and starch). To maintain current productivity, COD additions in the form of a concentrated stock solution of COD in M9 were injected at random places with a syringe when the current dropped. To provide electroactive microorganisms, and thus ensure a fast start-up of the S-MFC, 5 vol% effluent of an acetate oxidizing anode (operated in the laboratory for over a year) was added to the anode compartment at the start of the incubation (Clauwaert et al. 2007b ). Cathodes were 3×4 cm 2 carbon felts (see Table 1 ) incubated in the recirculation liquid of an oxygen-reducing biocathode operated in the laboratory for over a year (Clauwaert et al. 2007b) . To counteract evaporation, cathodes were replenished with distilled water when needed. All incubations were conducted in duplicate at room temperature (22±2°C).
Electrochemical monitoring and chemical analysis
Cell potential over a 500-Ω resistor and anode or cathode potential vs an Ag/AgCl reference electrode (BASi Inc., UK) were measured continuously (Agilent benchlink datalogger). The reference electrodes were regularly monitored versus a calomel electrode (+244 mV vs Normal Hydrogen Electrode (NHE); QIS, the Netherlands). Polarization curves were recorded with a Bistat potentiostat (Biologic, France) at a scan rate of 1 mV s −1 following a 20-min stabilization period in open circuit. Electrochemical calculations were performed according to Logan et al. (2006) . Current and power densities are reported normalized to the total surface area of the microcosm (0.0034 m 2 ). Alternative electron acceptors (NO 2 − , NO 3 − and SO 4 2− ) were determined by ion chromatography as described previously (Clauwaert et al. 2007a ). Chemical oxygen demand was determined by means of a standard kit according to the manufacturer's procedures (Macherey-Nagel, Germany). Samples from the anode compartment were taken at random places.
Microbial community and material structure analysis
Samples from the sand, and sand mixed with M1a, M1b and M2, were taken at the end of the long-term incubation (55 days) for analysis of the bacterial community structure (1 ml sediment and 1 ml pore liquid) and for scanning electron microscopy (SEM) (1 ml sediment). Samples were taken from at least five random positions per microcosm in order to obtain a homogenous, representative sample. Total DNA was extracted (Boon et al. 2000) followed by amplifying the bacterial 16S rRNA gene with primers 338F-GC and 518R. The different amplicons were separated using denaturing gradient gel electrophoresis (Carballa et al. 2011) . The obtained profiles were clustered using BioNumerics software v5.1 (Applied Maths, Belgium). Theoretical ecological parameters-range weighted richness (Rr; a measure of habitability of an environment) and community organization (Co; an approximate of functional diversity)-were attributed according to the microbial resource management (MRM) toolbox (Read et al. 2011) . Samples for SEM were immediately fixed by subsequent incubation in 2.5 % glutaraldehyde (2 h) and 1 % osmium tetroxide (1 h) with three times washing with 0.1 M phosphate buffer (pH 7.5) in between. Subsequent dehydration was done with 30, 50, 70, 90 and 3×100 % ethanol (20 min per step) followed by overnight drying in a desiccator.
performing materials were the small granular carbon materials with a diameter <0.5 mm (M2 and M3; 7-11 C) (Fig. 2) .
Influence of particle size
The initial experiment indicated that particle size had a large influence on electron transfer capabilities within the anode. It was hypothesized that a certain size distribution in relation to the sand is optimal for electrical connectivity in the soil or sediment. To investigate this further, the large granules (M1a) were ground to smaller particles. From this ground material, the particles in the range of 0.25-0.50 mm were selected (M1b). Both materials (M1b and M2) had the same size as the major fraction of the sand. At an AR-50, the ground particles were compared to the original particles of 0.25-0.50 mm (M2), the large 1-5-mm particles (M1a) and a graphite rod only. After 3 weeks of incubation, electrical current densities averaged 55.2±11.7 mA m −2 with a maximum of 77.7 mA m −2 for the ground granules (M1b). The 1-5-mm granules (M1a) reached an average current density of 25.2±7.74 mA m −2 with a maximum of 37.9 mA m −2 .
The original small granules (M2) averaged 5.33 ± 7.9 mA m −2 with a maximum of 35.4 mA m −2 (Fig. 3a) .
The microcosm with only the rod as the current collector averaged 1.01 ± 0.37 mA m − 2 with a maximum of 1.87 mA m −2 . The results of the sustainable current production were corroborated by the maximum current densities obtained during the forward sweep of a polarization curve; 140.1 ± 42.4 mA m −2 , 38.8 ± 10.4 mA m −2 and 8.0 ± 6.4 mA m −2 were the average maximum current densities obtained during this time period for M1b, M1a and M2, respectively. As current densities are the result of both anodic and cathodic processes, an examination of the anode potential is needed. The minimum anode potentials, as determined from the open circuit potential from the polarization curves, indicated that all materials (rod, M1a and M1b) except for M2 were able to reach a low anode potential, i.e. −0.067 till −0.185 V vs NHE at day 18. The anode potential of M2 varied around +0.2 V vs NHE (Fig. 4b) . The low anode potentials found here correspond to an anoxic environment with COD oxidation as normally found in anodes of MFC (Logan et al. . The higher anode potential corresponds with the low current density as indicated earlier (see Fig. 3a ).
Influence of application ratio
As the above described tests were conducted at AR-50, a follow-up experiment was performed to understand the influence of various application ratios on the current density. These tests were conducted for the large granules 1-5 mm (M1a; i.e. the best performing granular material) and for the 3.18-mm felt (M4; a randomly selected felt/cloth material).
For the large granules (M1a), the same current density profile over time could be distinguished for AR-67 and AR-100. The maximum current density obtained was, however, 59.3 mA m −2 for AR-67, while AR-100 obtained a value of 74.8 mA m −2 (see Fig. 3b ). This coincides with the previous test where AR-50 only reached a maximum current density of 37.9 mA m −2 (see Fig. 3a ). The felt material test
showed an initial clear difference between the different sand/felt application ratios; the higher the amount of felt, the higher the resulting current density. However, addition of COD (day 12.5; Fig. 3c ) resulted in a similar current density profile (39.6-52.9 mA m −2 , see Fig. 3c ) for ratios AR-14, AR-28 and AR-42. The highest application ratio still had the highest current density, but the other ratios increased considerably in current density after addition of COD. As COD was randomly applied by means of a concentrated solution distributed with a syringe, the effect of supplying COD locally can be clearly seen. This indicates that the system was rather substrate-limited starting from day 10. This coincides with the practical implication that the electrode needs to be near the source of COD for a sustained current generation in sediment systems (Scott et al. 2008 ).
Long-term incubation
The short-term experiment as described in "Section 3.2" was extended over a longer time period. The microcosms with the small granules (M2) were able to produce a sustainable current, comparable to the ground granules (M1b). This was, however, mostly due to an increase in cathode potential for M2 (see Fig. 4a ). The anode potential remained ), no material, only the current collector ( ). Error bars indicate standard deviation, sometimes smaller than the symbol (n02). Arrow indicates addition of COD positive as seen during the short-term incubation (see Fig. 4b ). It even rose by 0.164 V to +0.378 V vs NHE at day 55. The cathode potential increased over the same time period by 0.187 V to 0.521 V vs NHE. The most striking observation that could be made from the long-term data is that the small granules (M2) were not able to obtain a low anode potential, which is necessary for long-term sustainable current production, whereas the other materials were able to maintain anode potentials of about −0.2 V vs NHE when COD was present. The correlation of a low anode potential with COD was observed during the long-term incubation where addition of COD resulted in a lowering of the anode potential in open circuit (see Fig. 4b ). Adding extra COD did not result in a lower anode potential for material M2. Interestingly, the maximum current that was measured at the end of the forward sweep of the polarization curves of M1b and M2 showed similar patterns over time (see Fig. 4c ). Although the maximum current densities were similar between M1b and M2 after 20 days of incubation, the maximum power output was considerably different (see Fig. 4d ). M1b had a maximum power output of 37.9± 12.9 mW m −2 , whereas M2 had a maximum power output of 8.0±5.2 mW m −2 . From these numbers the influence of the higher anode potential can be distinguished as this leads to a lower cell potential and thus a lower power density, although similar maximum current densities were achieved.
Organic carbon removal
Chemical oxygen demand (COD) removal efficiencies were determined based on total added COD and produced current. At the end of the short-term experiment that investigated the effect of granule size, the highest removal efficiency, 46.5 %, was found for the ground granules (M1b), followed by the big granules (M1a; 27.1 %) and the small granules (M2; 9.6 %). The microcosm with only a rod as a current collector obtained a COD removal efficiency of 5.2 %. At the end of the application ratio test for the large granules (M1a), COD removal efficiencies were about equal for AR-67 and AR-100, i.e. 9.8 % and 12.1 %, respectively. AR-0 and AR-33 obtained COD removal efficiencies of 0.71 % and 0.77 %, respectively. For the felt material (M4), COD removed as current was 14.9 %, 10.0 % and 8.1 % of the total added COD for AR-42, AR-28 and AR-14, respectively. These overall low removal efficiencies indicate that most organic carbon was removed through an alternative pathway, other than current production. This can be through methanogenesis or by oxidation using an alternative electron acceptor such as residual O 2 , NO 3 − or SO 4 2− . As the potential of the anodes indicated anaerobic conditions and there were no N-electron acceptors present (i.e. NO 2 − , NO 3 − ), and because SO 4 2− could have accounted maximally for 16 % of added COD (under the assumption of complete reduction to H 2 S), it is hypothesized that methane production was the dominant competing mechanism. The latter gas could not, however, be monitored in this setup.
Microbial community and material structure
At the end of the long-term incubation, samples were analysed for their constituent microbial community based on 16S rRNA gene profiles using DGGE analysis. The results indicated that the type of material had a major influence on the type of microbial community that finally developed. All microbial communities were considerably different from the original electrogenic inoculum, due to the different circumstances experienced in the sediment as compared to the reactor type anode. The communities most similar to the original inoculum were the ones found in the incubations with M1b, with Pearson correlations of 36.2 and 52.5 %. The indigenous sand microbial community was not related to the electrogenic inoculum (0 % Pearson similarity). The small ground granules (M1b) had developed a distinct microbial community which could be readily differentiated from the communities on the precursor material (M1a) and on the small granules from another source (M2) (Fig. 5) . Applying ecological parameters to these microbial community profiles shows that the range-weighted richness (Rr) is highest for M1b, followed by M1a, while M2 shows the lower Rr values.
The community organization (Co) of the microcosms indicated that M2 has the highest value indicating that these microcosms were dominated by a few species whereas the other microcosms were able to sustain a more evenly distributed microbial community. The dominant organism present in the electrogenic inoculum was also found in the best performing microcosms, i.e. containing M1b (identified by the arrow in Fig. 5 ). An organism that was present in the sand was able to colonize the carbon materials abundantly (identified by the arrowhead in Fig. 5 ). Interestingly, a dense biofilm was not present on any of the granular materials (Fig. 6) . A striking difference could be observed in microbial localization on the electrode material. The microorganisms seemed to prefer to attach to surface imperfections. As the porous bead material M2 had only few of these surface imperfections compared to M1a and M1b, less interaction between the COD (electron donor), microorganisms and the electrode material (electron acceptor) was possible.
Discussion
Two parameters influenced the performance of granular carbon materials as anodic electrodes in S-MFC. The first important property was the granule size; smaller granules of the same material resulted in a higher performance, i.e. max 77.7 mA m −2 for M1b vs 37.9 mA m −2 for M1a under sustainable current operation. Aelterman et al. (2008) examined different sized granular material as an anode electrode in a packed bed configuration in a reactor type MFC. They did not find any difference in current producing performance between the different granule sizes. They worked with a completely packed bed, while in this study the sand particles were able to interfere with the electrical connectivity between the individual granules. Aspects of specific surface, electrical connectivity and tortuosity (i.e. path length of electron movement) and internal resistance need to be explored further with respect to the overall electrical conductivity in the soil.
The second important property is the intrinsic characteristics of the material itself, since the same sized materials, but from different precursors, resulted in differing current densities. More markedly, the difference could be seen in the overall anodic potential that was maintained during the incubation. As M2 was made from scratch by carbonizing precursor beads, this material has a highly defined surface structure and internal porosity (see Table 1 ). Materials M1a and M1b were made of scrap carbon with less defined structural properties, and M1b had, due to additional grinding, a more amorphous nature to the outer surface. The surface structure as examined by SEM had a major influence on where the microorganisms were able to respire with this solid electron acceptor (see Fig. 6 ). The microbial community present on the electrode material also showed distinct differences in their respective community structures. This can be related to the different electrode materials and can thus explain why the rough material (M1a and M1b) had a better performance in terms of anode potential and thus overall power output. Various theoretical ecological parameters and also visual inspection of the DGGE profile show that M2 creates a more selective environment or a niche environment that excludes important members of the initial electrogenic microbial community. The high anode potential of M2 can possibly be related to trapped oxygen within the highly microporous beads. This means that the microorganisms were able to respire with oxygen, not at the cathode but inside the anode. This idea leads to the new hypothesis that oxygen-containing beads might enhance in situ bioremediation (see below) through bio-electrochemical removal of pollutants on the outside of the beads. This hypothesis of oxygen trapped inside the beads being the cause for the high anode potential could, however, not be unequivocally elucidated during this study and thus warrants further in-depth analysis. The use of granular electrode materials for P-MFC has been described previously only in packed bed configurations. De Schamphelaire et al. (2008) noted that the performance of this configuration was inferior as compared to felt mixed with soil. On the other hand, Timmers et al. (2010) have noted a good performance with materials from the same supplier as used in this work (M1). Both authors have used different types of plants in their research which might be the cause for the differing performances. The presence of soil can thus enhance current output in a P-MFC, which justifies mixing the granular electrode with the soil while at the same time creating a high surface area for interaction with plant roots and electroactive microorganisms. Current densities obtained during previous research fit with the current densities as seen during this study. Timmers et al. (2010) obtained 84±70 and 141±52 mA m −2 with their S.
anglica MFCs with a packed bed of granules in the anode.
De Schamphelaire et al. (2008) were able to obtain a sustainable current density of 120 mA m −2 with O. sativa. For non-planted S-MFC, current densities are usually smaller than for P-MFC (Scott et al. 2008; Zhang et al. 2010) . This leads to the observation that current densities obtained in this study with granular carbon anodes are comparable to those in previous work and are possibly limited by the supply of reactants to and from the anode instead of the anode configuration (Scott et al. 2008 ). From a current density perspective, the felt materials seem to be the better choice because with smaller amounts (lower AR value) higher current densities can be obtained compared to granular materials. However, taking also the use of plants and possible agricultural practices into account, this study has shown that granular materials can provide a good alternative. MFC technology has been proposed as a means of alternative or enhanced soil or sediment remediation (Williams et al. 2010; Yuan et al. 2010; Zhang et al. 2010) . The idea behind this concept is to provide an extra electron donor or acceptor in the form of an electrode. This electrode can also be inoculated with useful microorganisms. Until now MFC technology was only able to work locally in the soil/sediment; there was little convection, and mass transport was diffusion dominated (Scott et al. 2008) . Using a loose, granular anode electrode as opposed to a solid rod or block can provide more degrees of freedom to manipulate the soil or sediment. The anode will not be damaged, merely rearranged and thus increasing the effective working range for a bioremediation process.
Conclusions
In this work, it was shown that granular carbon is able to function as an anode electrode in a sediment microbial fuel cell (S-MFC). For the particular materials in this study, it was found that an application ratio of 67 % in the soil was most beneficial for the granular material in terms of current output. The application ratio and type of material have a major influence on the resulting current density that can be obtained from the particular S-MFC under investigation. Further work is warranted to better optimise and understand the influence of different materials in combination with different soils on the resulting current density. The effect of the electrode material on the biology present (e.g. microorganisms) needs to be taken into account before this concept can be taken into the field and be applied as a power generation system, or for enhancing in situ bioremediation.
